The mechanism of age-related decline in the angiogenic potential of the myocardium is not yet fully understood. Our previous report revealed that the aging of car- 
| INTRODUCTION
Coronary artery disease-induced myocardial infarction (MI) is one of the leading causes of morbidity and mortality among elderly individuals. Age-related decline in the angiogenic potential of the myocardium is common among the elderly. Furthermore, the angiogenic factor-mediated therapeutic effect, which is potent in young individuals, is less effective in older individuals. Thus, achieving functional regeneration following MI in the elderly remains a significant challenge (Ahluwalia, Jones, Szabo, & Tarnawski, 2014; Ahluwalia, Narula, Jones, Deng, & Tarnawski, 2010; Cai et al., 2003; Cao et al., 2012; Lähteenvuo & Rosenzweig, 2012) . It is believed that endothelial cell aging shifts protective and angiogenic pathways, causing dysfunction in aged hearts, which may be an important aetiology of the age-related decline in the regeneration of the myocardium and the poor cardiovascular prognoses observed in the elderly. However, the molecular mechanisms underlying these pathophysiologies remain unclear.
Cardiac microvascular endothelial cells (CMECs) play a central role in cardiac angiogenesis following MI due to their potent ability to initiate angiogenesis and to stimulate the secretion of multi-angiogenic factors, such as vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF), which act as autocrine and paracrine factors (Edelberg et al., 1998; Levéen et al., 1994) . Brainderived neurotrophic factor (BDNF) and its receptor, TrkB, are expressed first during late gestation and then persistently at high levels into adulthood in the endothelial cells that line the arteries and capillaries of the heart. BDNF acts as an angiogenic factor, playing important roles in the survival of endothelial cells and angiogenesis (Donovan et al., 2000; Kermani & Hempstead, 2007) . Compared with basic fibroblast growth factor (bFGF) alone, exogenous delivery of bFGF and BDNF to ischaemic myocardium improves the angiogenesis and left ventricular function of the ischaemic myocardium (Liu, Sun, Huan, Zhao, & Deng, 2006) . BDNF is upregulated by neural signals in young hearts after MI and then protects the myocardium against ischaemic injury (Okada et al., 2012) .
We previously reported that the number of truncated TrkB-positive cells and the BDNF protein level are higher in the aged cardiac microvasculature. Furthermore, the BDNF level in aged ischaemic cardiac microvasculature is higher than the level in young nonischaemic, young ischaemic and old nonischaemic hearts. The age-related increase in truncated TrkB in CMECs is apparently linked to an age-associated increase in inflammatory responses and a significant increase in myocardial injury following MI (Cai et al., 2006) . More recently, we found that BDNF can promote young CMECs to migrate via activation of the BDNF-TrkB-FL-PI3K/Akt pathway, which may benefit angiogenesis after MI. However, the aging of CMECs leads to changes in the expression of isoforms of the receptor TrkB: Among the three isoforms (TrkB-FL, TrkB-T1 and TrkB-T2), only the truncated TrkB-T1 isoform continues to be expressed, which leads to dysfunction of its ligand, decreased CMEC migration and increased injury in aging hearts.
This shift in receptor isoforms of the BDNF pathway in aged CMECs, together with changes in the aging microenvironment, might predispose aging hearts to decreased angiogenic potential and increased cardiac pathology. We also demonstrated that although the potency of promoting migration via the BDNF-TrkB-T1 pathway in old CMECs was significantly decreased compared with young CMECs via the BDNF-TrkB-FL pathway, the BDNF-TrkB-T1 pathway in old CMECs can still promote the migration of aged CMECs (Cao et al., 2012) . The full-length TrkB receptor (TrkB-FL) undergoes autophosphorylation to activate intracellular signalling pathways (Gupta, You, Gupta, Klistorner, & Graham, 2013) . Furthermore, so far knowledge suggested that TrkB-T1 is recognized as a dominant negative receptor that inhibits TrkB-FL signalling, as it lacks the catalytic tyrosine kinase domain (Fenner, 2012) . However, it remains to be determined how aged CMECs transduce BDNF signalling to regulate effects via the BDNFTrkB-T1 pathway under physiopathological situations. Our previous findings led us to hypothesize that aging causes a shift in the phenotype of BDNF receptors in old CMECs, which only express TrkB-T1
and not TrkB-FL, to transduce BDNF signals via BDNF-TrkB-T1 activity to mitigate physiopathological homogenesis and compensate for the declining cardiovascular system. Aged CMECs might play a role in an unknown mechanism to transduce BDNF signals via the BDNFTrkB-T1 pathway to recruit unknown downstream effectors to maintain the angiogenic potential and capacity of the heart. In this study, we first report a novel mechanism by which aged CMECs expressing the TrkB-T1 receptor isoform recruit Willin/FRMD6 as a downstream effector to activate the Hippo-Yap pathway, thus transducing the BDNF signal to promote their migration.
| RESULTS

| Identification of Willin/FRMD6 as a novel
TrkB-T1 interaction partner in old CMECs
To screen for downstream effectors of TrkB-T1 in old CMECs, a library of old rat CMEC cDNA was constructed for yeast two-hybrid screening, as TrkB-T1 is only expressed in old CMECs. The pGBKT7-T1-ICD bait vector including the full intracellular TrkB-T1 domain was constructed and applied as bait to screen the established old cDNA library of CMECs. We first tested the autoactivation activity of the bait proteins in yeast cells. The pGBKT7-T1-ICD and pGBKT7-T1-C11 bait plasmids were transformed into Y2HGold cells, and the transformants were grown on SD/-Trp, SD/-Trp/X-α-Gal and SD/-Trp/X-α-Gal/ AbA (Supporting Information Figure S1I ). The results showed that no autoactivation activity was detected from pGBKT7-T1-ICD or pGBKT7-T1-C11, as shown in Supporting Information Figure S1I .
To screen host proteins that interacted with the pGBKT7-T1-ICD bait by the Y2H system, Y2HGold cells containing the pGBKT7-T1-ICD plasmid were used to mate with Y187 cells harbouring the established old cDNA library of CMECs. The fifteen blue colonies were grown on SD/-Leu/-Trp/-His/-Ade/+X-α-Gal/AbA agar plates (Supporting Information Figure S1II ). The specific insert on each blue prey colony was sequenced. Three validated sequences named Prey A, Prey B and Prey C, were identified (Supporting Information Figure S1III) . To exclude the autoactivation activity of Prey A, Prey B and Prey C, the Y187 strain transformed separately with Prey A, Prey B and Prey C plasmid was used to mate with Y2HGold containing pGBKT7-T-BD plasmid (empty pGBKT7 plasmid). No blue colony grew on SD/-Leu/-Trp/-His/-Ade/+X-α-Gal/AbA agar plates (Supporting Information Figure S1IV ). To investigate whether the interaction site of TrkB-T1 with prey was located in the C-terminus, strain Y187 transformed separately with Prey A, Prey B and Prey C plasmid was used to mate with Y2HGold containing pGBKT7-T1-C11 bait plasmid (including 11 C-terminal amino acids of the TrkB-T1 intracellular domain) and pGBKT7-T1-ICD bait plasmid. The results with pGBKT7-T1-ICD showed that all of the zygotes resulting from mating turned blue on SD/-Leu/-Trp/-His/-Ade/+X-α-Gal/AbA agar plates (Supporting Information Figure S1V ), while the results with pGBKT7-T1-C11 showed that the zygotes resulting from mating with Prey A and Prey C turned blue on SD/-Leu/-Trp/-His/-Ade/+X-α-Gal/AbA agar plates (Supporting Information Figure S1V ). These data suggest that the interaction site between TrkB-T1 and Prey A and Prey C was located within those 11 amino acids of the C-terminus of TrkB-T1.
Three candidate proteins that potentially interacted with TrkB-T1 were revealed via a blast homology analysis of the screened DNA sequence (Supporting Information Figure S1III ). Prey A, which was homologous with Willin, also named FRMD6, was selected for further study, as it was the only cytosolic protein among the three screened candidates (Prey B was a membrane protein and Prey C was a nuclear protein) (Supporting Information Figure S1VI ).
Direct interaction between TrkB-T1 and Willin was validated by co-immunoprecipitation (Co-IP) and western blot. As 293 T cells did not express TrkB-T1 receptor (Figure 1a ), they represented a suitable model for investigating the interaction between TrkB-T1 and Willin using an ectopic expression strategy, which would exclude possible cross-effects from endogenous TrkB-T1 receptor. We first confirmed that the TrkB-T1-FLAG-tag and Willin-HA-tag were expressed ectopically in 293 T cells after transfection (Figure 1b (Table S1 ), while ASP22-TYR69, -CYS298 and others interacted via hydrogen bonds (Table S2) 
| BDNF-TrkB-T1-Willin pathway promotes the activity of pseudopods
Our previous findings documented that BDNF is able to promote the migration of old CMECs which only express TrkB-T1 receptor and not TrkB-FL (Cao et al., 2012) . Based on the TrkB-T1 yeast twohybrid screen with old rat CMEC cDNA and the observation that TrkB-T1 interacted with Willin, we further proposed that the BDNFTrkB-T1 pathway might recruit Willin as a downstream effector to transduce BDNF signalling in old CMECs. As promoting the activity of pseudopods is one of the initiating steps for promoting the migration of cells, we applied a time-lapse technique to test whether the BDNF-TrkB-T1-Willin pathway promoted the activity of pseudopods. We again applied 293 T cells, which did not express TrkB-T1 but did express Willin (Figure 1a and c) , to induce the BDNFTrkB-T1-Willin pathway via ectopic expression of TrkB-T1-EGFP.
We first confirmed that the ectopically expressed TrkB-T1 in these (Figures 2Ib and 3g) . These results suggest that the BDNF-TrkB-T1-Willin pathway in old CMECs facilitated the migration of pseudopods.
| BDNF-TrkB-T1-Willin pathway increases the polarity of actin and polymerization of stress fibres
The polarity of actin and the polymerization of stress fibres are crucial for initiating mobility potential. Therefore, we further tested whether the BDNF-TrkB-T1-Willin pathway is able to increase the polarity of actin and the polymerization of stress fibres. We performed a time-lapse experiment combined with F-actin immunofluorescence to analyse these parameters in old CMECs. The number of polarized cells was progressively increased when observed at 5 min, 15 min and 30 min after BDNF treatment (160 ng/ml). The percentage of polarized cells was 81.03% ± 0.03% at 5 min and reached 90.08 ± 0.03% at 30 min after BDNF treatment. However, the percentages of polarized cells in the BSA-treated groups at parallel time points were similar to each other (Supporting Information Figure S5I ; p > 0.05). In addition, the mean diameter of stress fibres in the BDNF-treated group was significantly larger than that of the BSAtreated group 30 min after BDNF treatment (Supporting Information Figure S5II ; p < 0.05). Together, these results suggest that the BDNF-TrkB-T1-Willin pathway increased the polarity of actin and the polymerization of stress fibres in BDNF-treated old CMECs.
| BDNF-TrkB-T1-Willin pathway promotes the migration of old CMECs
The above evidence clearly demonstrated that the BDNF-TrkB-T1-Willin pathway promoted the migration potential of old CMECs. We therefore applied an in vitro scratch wound healing assay to investigate whether the BDNF-TrkB-T1-Willin pathway is able to promote the migration of old CMECs. We confirmed that the migration distance of old CMECs in the BDNF-treated group was significantly longer than that of the controls (Figure 4a Figure S7II ). In the BSA control group treated for 30 min, the percentage of equal-phosphorylation-density cells was approximately 37.18%, which was similar to the non-BDNFtreated case (approximately 30.59%) (Supporting Information Figure S7III) . In addition, in the si-Willin-751-treated group, the percentage of equal-phosphorylation-density cells after BDNF treatment for 30 min (approximately 27.05%) was lower than that of the non-BDNF-treated group (approximately 45.61%) (Supporting Information Figure S7IV ), while the percentage of equal-phosphorylation-density cells after BSA treatment for 30 min (approximately 43.14%) was similar to the non-BSA-treated group (approximate 37.50%) (Supporting Information Figure S7V ). This result further confirmed that Together, these data suggest that the BDNF-TrkB-T1-Willin pathway is able to increase the migration distance of pseudopods, the polarity of actin and the polymerization of stress fibres to facilitate the migration potential of aged CMECs. Indeed, using a scratch-healing model, we confirmed that BDNF treatment promoted the migration of aged CMECs.
Willin/FRMD6 was first identified via a yeast two-hybrid screen of a rat sciatic nerve library using the neuronal transmembrane protein neurofascin as bait (Gunnmoore et al., 2005) . Willin was subsequently reported as the human homologue of the Drosophila protein Ex (Expanded) and was given the HUGO nomenclature gene name FRMD6 (Charles et al., 2002) . Willin is expressed in the brain, heart, lung, liver and prostate (https://www.genecards.org/cgi-bin/carddisp. p1?gene=FRMD6) and in peripheral nerves, epithelial layers, skin, the placenta, the uterus and the cervix (Charles et al., 2002; Gunnmoore et al., 2005; Madan et al., 2006) . In the present study, we first We previously reported that the BDNF-TrkB pathway is able to promote the migration of young CMECs via activation of PI3K/Akt. This effect is mainly attributed to the activation of TrkB-FL receptor as BDNF treatment significantly increases the expression of TrkB-FL but not TrkB-T1, though both receptor isoforms are expressed in young CMECs (Cao et al., 2012) . In the present study, we further demonstrate that aged CMECs are able to activate the BDNF-TrkB- and TrkB-T2), only one of its truncated isoforms, TrkB-T1, continues to be expressed in aged CMECs. The BDNF-TrkB-T1-WillinHippo pathway then promotes the migration of aged CMECs. This aging phenotype might be involved in age-related dysfunction of the angiogenic potential and other cardiac pathophysiology situations seen in aged hearts. Indeed, recent studies revealed that cardiomyocytes express both TrkB full-length (TrkB-FL) and TrkB-T1 signalling, and both are likely required for the heart to fully contract and relax (Feng et al., 2015; Fulgenzi et al., 2015) . However, the expression of TrkB-T1 is significantly upregulated in failing heart (Feng et al., 2015) . Thus, our study in aged CMECs appears to concur with the findings of Feng et al. (obtained in failing cardiomyocytes) , suggesting that the BDNF-TrkB-T1 pathway may be involved in some pathophysiological features of the aging heart.
We speculate that the BDNF-TrkB-T1-Willin-Hippo pathway should be considered a novel target for improving the age-related decrease in the angiogenic potential in aged hearts to tailor novel strategies to improve the healing and regeneration of aged ischaemic myocardium.
| EXPERIMENTAL PROCEDURES
A detailed method is available in Supporting Information Data S1.
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For details, see Supporting Information Data S1.
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